p53, apoptosis, and senescence are frequently activated in preneoplastic lesions and are barriers to progression to malignancy. These barriers have been suggested to result from an ATM-mediated DNA damage response (DDR), which may follow oncogene-induced hyperproliferation and ensuing DNA replication stress. To elucidate the currently untested role of DDR in breast cancer initiation, we examined the effect of oncogene expression in several murine models of breast cancer. We did not observe a detectable DDR in early hyperplastic lesions arising in transgenic mice expressing several different oncogenes. However, DDR signaling was strongly induced in preneoplastic lesions arising from individual mammary cells transduced in vivo by retroviruses expressing either PyMT or ErbB2. Thus, activation of an oncogene after normal tissue development causes a DDR. Furthermore, in this somatic ErbB2 tumor model, ATM, and thus DDR, is required for p53 stabilization, apoptosis, and senescence. In palpable tumors in this model, p53 stabilization and apoptosis are lost, but unexpectedly senescence remains in many tumor cells. Thus, this murine model fully recapitulates early DDR signaling; the eventual suppression of its endpoints in tumorigenesis provides compelling evidence that ErbB2-induced aberrant mammary cell proliferation leads to an ATM-mediated DDR that activates apoptosis and senescence, and at least the former must be overcome to progress to malignancy. This in vivo study also uncovers an unexpected effect of ErbB2 activation previously known for its prosurvival roles, and suggests that protection of the ATM-mediated DDR-p53 signaling pathway may be important in breast cancer prevention.
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oncogene | DNA damage response | p53 | apoptosis | senescence A poptosis and senescence are frequently found in precancerous lesions but are rarely detected in cancerous tissues (1) . These cellular responses in mutated, precancerous cells have been suggested to be oncogene-activated barriers to tumorigenesis that prevent progression to malignancy. Accordingly, these barriers must be inactivated before cancer can arise (2) . The p53 tumor suppressor, which is frequently associated with apoptosis and senescence, is a key player in halting progression to cancer and often inactivated in tumors (3) . Activation of a few oncogenes, such as cMyc and Ras, is known to cause apoptosis and/or senescence through the activation of ARF, leading to p53 accumulation (3) . However, more recently it has been suggested that a DNA damage response (DDR) pathway follows oncogene-induced aberrant cell proliferation and is responsible for p53 stabilization, apoptosis, and senescence (4) . This response is caused by DNA replication stress, replication fork collapse, and double strand breaks (DSBs) that may follow hyperproliferation, leading to the recruitment of the serine-threonine kinase ataxia-telangiectasia mutated (ATM) to the damaged chromosomal sites (4) . ATM phosphorylates the histone variant H2AX (hereafter termed γH2AX) and p53 binding protein 1 (53BP1), which are also recruited to DSBs (5, 6) . ATM also directly phosphorylates p53 and indirectly regulates p53 phosphorylation by activating Chk2 and Chk1 (7) . Components of this DDR signaling pathway are activated in preneoplastic lesions but are mutated or inactivated in several cancers, including breast cancer, suggesting that the DDR must be overcome during the process of tumorigenesis (8, 9) . In support of this, activation of cMyc has been reported to induce DDR signaling and ATMdependent apoptosis in skin and hematopoietic cells (10, 11) . Activation of Ras and several other oncogenes have been found to induce DDR and ATM-dependent senescence in cultured cells (12) (13) (14) . However, it has not been tested whether an oncogeneinduced DDR is required for senescence observed in preneoplastic lesions in vivo. It is also not known whether the DDR plays a critical role in inducing apoptosis in the initiation of epithelial cancers in tissues besides the skin. Furthermore, in several tissues, oncogene activation either fails to induce a DDR or the resulting DDR fails to induce oncogenesis barriers. For example, ATM was reported to be dispensable for p53-dependent apoptosis in a murine model of choroid plexus tumorigenesis (15) , and for oncogene-induced DDR induction, senescence, and p53-dependent tumor suppression in both K-Ras-driven lung carcinoma and chemically induced fibrosarcoma murine models (16) .
In breast carcinogenesis, apoptosis and senescence were detected in preneoplastic breast lesions in rodent models of breast tumor formation induced by Ras or ErbB2 (17, 18) . However, it is not known whether DDR signaling is activated in the mammary gland at any point after oncogene activation and is responsible for the induction of apoptosis or senescence in premalignant lesions. The only potential supporting evidence thus far has been the increased levels of γH2AX and phospho-Chk2 following ectopic expression of Wnt-1 in cultured mammary epithelial cells (19) and promotion of p53 heterozygous or DMBA-initiated mammary tumorigenesis by ATM heterozygosity (20, 21) .
In this study, we surveyed various murine models of breast cancer to gain insight into the possible role of DDR signaling in breast carcinogenesis. We found that the retrovirus RCAS-mediated expression of oncogenes in somatic mammary epithelial cells (22) , which more closely mimics human cancer initiation than conventional models, induces a potent DDR that is required for p53 stabilization, apoptosis, and senescence. Furthermore, we found persistent senescence in fully developed tumors, directly challenging the long-standing assumption that both senescence and apoptosis must be inactivated before tumor formation. We surveyed several murine models of mammary cancer for evidence of DDR induction. Mammary glands from female mice transgenic for ErbB2 (n = 4), c-Myc (n = 4), H-RasG12D (n = 3), or PyMT (encoding the polyoma middle T antigen) (n = 4) developed early, precancerous lesions by the age of 7-9 weeks, which were harvested and stained for several DDR markers, γH2AX, 53BP1, and p-S1981-ATM. We found no γH2AX focal staining in MMTVPyMT early lesions and only modest induction of γH2AX foci in the lesions from MMTV-ErbB2, -Myc, and -H-RasG12D mice (Fig. 1) . Furthermore, there was little 53BP1 and phospho-ATM focal staining in any of the transgenic lines examined (Fig. 1) . In addition, we observed no p53 staining in the hyperplastic lesions of any of the transgenic mice examined (Fig. 1 ). These observations indicate that the DDR is poorly activated in the early lesions of germline transgenic mouse models of mammary cancer.
To test whether mammary cells in a transgenic mouse are still capable of mounting a DDR in response to classical stimuli, we irradiated three 8-week-old MMTV-PyMT mice with 6 Gy of ionizing radiation and assayed the mammary glands for DDR markers 30 min later. Although γH2AX foci were detected, the intensity was much less as compared to irradiated, nontransgenic control mammary glands (Fig. S1 ). This reduction was observed both in relatively benign ducts and in the precancerous early lesions in the transgenic glands, indicating that the mammary epithelium in MMTV-PyMT mice possesses a weaker DDR as compared with wild-type mice. A similar pattern was observed when 53BP1 and p-S1981-ATM were examined by immunofluorescence (Fig. S1) . Thus, the oncogene-expressing mammary epithelium in these germline transgenic models exhibits a partial defect in its ability to mount a DDR.
Somatic Activation of PyMT Oncogenic Signaling Induces a Robust DDR in Mouse Mammary Glands. Next, we sought to determine whether acute, somatic activation of an oncogene could engender a robust DDR response. First, we used the potent viral oncogene
PyMT to provide maximal oncogenic stress in somatic cells, because PyMT promotes hyperproliferation, neoplastic growth, and tumor formation at a rapid rate in mammary epithelial cells (23) . We chose two different approaches to express PyMT in somatic mammary cells. One model is an inducible transgenic mouse line, in which PyMT expression is induced by administration of doxycycline to MMTV-rtTA/tet-O-PyMT-IRES-Luc bitransgenic mice (24) . Another model is the RCAS-TVA system, in which mammary epithelial cells in MMTV-tva transgenic mice are infected via intraductal injection of the avian retrovirus RCAS carrying PyMT (22) . One advantage of the RCAS-TVA system is that oncogenes can be introduced into relatively few mammary epithelial cells, which are then allowed to evolve into cancer in the context of a normal mammary gland, thus better recapitulating the etiology of human carcinogenesis than transgenic oncogene models (25, 26) . Four MMTV-tva and three MMTV-rtTA/tet-OPyMT-IRES-Luc mice were exposed to PyMT signaling by intraductal delivery of RCAS-PyMT or administration of doxycycline in the diet, respectively, for 1 week at 6 weeks of age to allow early hyperplasias to develop. Early lesions arising in RCAS-PyMT and MMTV-rtTA/tet-O-PyMT-IRES-Luc mammary cells displayed equivalent oncogene expression based on immunostaining for antibodies against PyMT, and similarly increased mitotic index measured by staining for phospho-histone H3 ( Fig. S2 A and B) .
In these somatic models of oncogenic activation, significant, intense staining of γH2AX foci in the lesions was observed as compared with that in the normal ducts (Fig. S2A ). There was also marked induction of 53BP1 focal staining in the RCAS-PyMT early lesions; however, there was minimal 53BP1 staining in the MMTVrtTA/tet-O-PyMT-IRES-Luc lesions (Fig. S2A ). These results indicate that acute induction of PyMT induces a strong DDR in somatic cells, and that this DDR is most readily observed using the RCAS-TVA methodology.
To assess whether activated DDR resulted in stabilization of downstream effector molecules, we examined these early lesions for p53 accumulation using immunohistochemistry. We observed high levels of nuclear p53 staining in the RCAS-PyMT early lesions (10.82 ± 1.58%) and only moderate staining in the lesions generated in MMTV-rtTA/tet-O-PyMT-IRES-Luc mice (2.62 ± 0.21%, P < 0.05; Fig. S2 A and C) . To assess the functional activity of the observed p53 stabilization, we examined the level of apoptosis in the early lesions by TUNEL staining. Increased levels of apoptosis were observed in the RCAS-PyMT early lesions (3.54 ± 0.48%) with slightly reduced levels in the MMTV-rtTA/tet-OPyMT-IRES-Luc early lesions (2.17 ± 0.38%, P < 0.05; (Fig. S2 A  and D) . These data suggest that somatically acquired PyMT signaling causes early mammary lesions with marked induction of a DDR that culminates in the stabilization of the effector protein p53, which presumably suppresses progression to cancer by initiating the apoptotic cascade. Once again, this is most easily observed in the RCAS model of acute oncogene induction.
To confirm that the DDR observed in RCAS-PyMT infected glands was not induced by viral infection per se, we injected five MMTV-tva mice with RCAS-GFP and then harvested the glands 4 days, 1 week, or 2 weeks later for analysis of DDR induction. GFPpositive cells detected at any time point did not exhibit any 53BP1 staining (Fig. S3) , indicating that RCAS viral infection itself does not induce a DDR in the target cell, which is consistent with the reported lack of significant production of any viral proteins other than the product from the exogenous gene cloned into this vector (27) .
A DDR Persists in RCAS-PyMT Induced Tumors. Next, we sought to examine the level of DDR in tumors generated in these two somatic models and, for comparison, in the tumors arising in MMTV-PyMT mice. Similar to the early lesions, there was intense focal staining of γH2AX in the RCAS-PyMT-induced tumors (n = 4), whereas tumors from MMTV-rtTA/tet-O-PyMT-IRES-Luc mice (n = 4) kept on doxycycline had markedly less
p-S1981-ATM ( Fig. S4A) . Similar results were observed with respect to 53BP1 nuclear focal staining (Fig. S4A) . These results indicate that early DDR sensing remains intact and potent in these two somatic models of tumor induction, especially in the RCAS-TVA model. Tumors arising in MMTV-PyMT mice (n = 3) did not display dramatic staining of γH2AX or 53BP1 (Fig. S4A) , consistent with the absence of these DDR markers in the early hyperplastic lesions that develop in this transgenic mouse line. We then determined whether the DDR signaling cascade in these two somatic models still results in stabilized p53 and apoptosis. We observed abundant nuclear p53 (14.53% ± 3.43%) and TUNEL staining (3.83% ± 0.16%) in the RCAS-PyMT tumors (Fig. S4) . In contrast, we observed significantly lower levels of p53 (1.19 ± 0.15% and 0.55 ± 0.34%) and TUNEL staining (1.77 ± 0.49% and 1.30 ± 0.21%) in the tumors from MMTV-rtTA/tet-O-PyMT-IRES-Luc mice kept on doxycycline and in the MMTV-PyMT tumors (P < 0.01 for both, univariate ANOVA; Fig. S4) . Therefore, the above data suggest that in the RCAS-PyMT model DDR signaling remains fully intact at least in some of the tumor cells.
The observation of high levels of p53 and apoptosis in tumors generated from PyMT-activated somatic mammary cells is contrary to the hypothesis that the DDR must be inactivated for tumors to progress. Because PyMT is an extremely potent viral oncogene that can induce tumors with a median latency of approximately 2 weeks in the RCAS-TVA system (22) , DDR inactivation may not be required for PyMT-induced tumorigenesis in the mouse mammary epithelium. It is possible that the high rate of cellular proliferation induced by PyMT may overcome the concurrent loss of cells to apoptosis induced by DDR signaling, leading to a rapid net expansion of transformed cells.
A Full DDR Signaling Cascade Is Activated in Response to Aberrant
Proliferation Induced by Somatic Activation of ErbB2. ErbB2, which activates many of the same signaling pathways as PyMT, is encoded by a human proto-oncogene that has a well-documented role in breast carcinogenesis (28) . Activated ErbB2 in the RCAS-TVA system induces mammary tumors with a median latency of 4 months (22) . We therefore asked whether RCAS-ErbB2 could induce a DDR in hyperplastic lesions, and if so, whether this barrier is overcome in the evolution to cancer.
We injected four 12-week-old MMTV-tva mice with RCASErbB2 (tagged with an HA epitope) and harvested mammary glands 2 weeks later to examine the early precancerous lesions. ErbB2-induced early lesions exhibited focal staining of γH2AX and 53BP1, indicating the presence of a DDR similar to that in RCAS-PyMT-induced early lesions ( Fig. 2A) . This was further confirmed by focal staining for p-S1981-ATM ( Fig. 2A) , in a pattern reminiscent of irradiated normal cells. In addition to activated DDR signaling, we also observed ARF induction in ErbB2 early lesions ( Fig. 2A) . Both ATM and ARF regulate oncogene-activated tumor suppressor pathways that converge on p53. p53-positive nuclei were indeed observed in the ErbB2-induced early lesions (6.02% ± 0.92%), and apoptotic cells were readily detected by TUNEL staining (2.24% ± 0.4%), suggesting that p53 is functionally active (Fig. 2) . Another endpoint to DDR induction and p53 activation in response to oncogenic stress is cellular senescence (29, 30) . To determine whether acute ErbB2-induced DDR activation promotes senescence, we double-stained mammary lesions for senescence-associated β-galactosidase (SA-β-Gal) (31) and for the proliferation marker Ki67. As expected, senescent cells, which stained positively for SA-β-Gal but negatively for Ki67, were readily observed in ≈75% of ErbB2-induced early lesions. This finding was further confirmed by immunostaining for two additional senescence markers, p16 and decoy receptor 2 (DcR2, Fig. 2A) (32, 33) . These data collectively indicate that acute activation of the ErbB2 oncogene induces hyperplasias that exhibit DDR signaling and ARF induction, leading to p53 stabilization, apoptosis, and senescence.
Fully Developed Mammary Tumors Induced by Somatic Activation of ErbB2 Retain Upstream DDR Signaling and Senescence but Fail to Up-
Regulate p53 or Apoptosis. Mammary tumors that eventually arose in MMTV-tva mice infected by RCAS-ErbB2 also exhibited evidence of DDR signaling, with respect to focal nuclear staining of γH2AX, 53BP1, and p-S1981-ATM, as well as ARF activation (n = 4; Fig. 2A ). However, p53 staining was detected in only very few tumor cells (0.96% ± 0.27%), and this correlated with a very low apoptotic index (0.55 ± 0.25%; Fig. 2 ). These observations strongly suggest that DDR and ARF functionality at the level of p53 is eventually compromised in ErbB2-induced mammary carcinogenesis, and that these alterations may be required for tumors to arise because of the subsequent loss of apoptosis.
However, to our surprise, positive staining for SA-β-Gal, p16, and DcR2 persisted in many tumor cells (20-40% of cells; Fig. 2A ). This observation suggests that a p53-independent senescence cascade still remains in some of these tumor cells, although we cannot exclude the possibility that undetectable levels of p53 may still contribute to the senescence observed in these tumor cells.
The down-regulation of p53 was not due to lack of p53 transcription, as abundant amounts of the p53 transcript were detected in these tumors (n = 5) by qRT-PCR compared with the levels in normal or irradiated spleens (Fig. S5B) . To test whether this reduced level of p53 resulted from failed stabilization of this very labile gene product, we examined whether p53 could be stabilized by classical DNA damage. We applied γ-radiation (6 Gy) and assayed the tumors (n = 3) 16 h later for p53 and its transcriptional targets Mdm2 and p21. p53 was indeed phosphorylated and stabilized upon irradiation (Fig.  S5A) . Both Mdm2 and p21 were induced significantly compared with levels in nonirradiated tumors (n = 5, P < 0.05), and to higher levels than in irradiated spleen controls (n = 3; Fig. S5 C  and D) . Therefore, in these RCAS-ErbB2-induced tumors, the p53 gene locus appears to be normal, and the product from its transcript can be stabilized and rendered functional after ionizing radiation. Thus, the observed down-regulation of p53 protein levels in RCAS-ErbB2-induced tumors likely stems from misregulation at the posttranslational level.
ATM-Ablated Mammary Cells Fail to Activate DDR Signaling, Apoptosis, or Senescence in Response to ErbB2-Induced Aberrant Proliferation. To directly test whether a DDR plays an essential role in activating p53, apoptosis, and senescence under oncogenic stress, we crossed MMTV-tva mice into an ATM-deficient mouse line (34) , and injected 10-12 week-old MMTV-tva/ATM −/− mice (n = 3) with RCAS-ErbB2 to generate hyperplastic lesions. Heterozygous mice (n = 3) and wild-type littermate controls (n = 3) were also included. ErbB2-expressing early lesions developed in all genotypes (Fig. 3A) . However, lesions in MMTV-tva/ATM −/− mice displayed markedly reduced γH2AX and 53BP1 focal staining, indicating diminished DDR signaling in the absence of ATM (Fig.  3A) . As expected, ARF induction as a consequence of ErbB2 oncogenic signaling was not affected by ATM status (Fig. 3A) .
The ATM-null lesions exhibited markedly reduced p53 stabilization (2.57% ± 0.92%) and apoptosis (1.4% ± 0.3%) as compared to wild-type controls (p53: 9.79% ± 0.37%; TUNEL: 5.3% ± 0.3%; P < 0.01 for both, univariate ANOVA; Fig. 3 ). Furthermore, ATM ablation also resulted in loss of the senescence markers SA-β-Gal and p16 (Fig. 3A) . These data suggest that ATM, and thus DDR signaling, are required for induction of p53, apoptosis, and senescence following ErbB2 activation, and that ARF induction by itself is not sufficient to stabilize p53 or to induce apoptosis or senescence. Discussion DDR signaling is absent at the preneoplastic stage of four different germline transgenic models of breast cancer, and at least in the MMTV-PyMT transgenic model, a DDR cannot be robustly activated even by high dose ionizing radiation. In contrast, a potent DDR is present in early lesions and persists in tumors in somatic models. These data suggest that the DDR is affected by the developmental stage of the mammary gland that has suffered an oncogenic mutation. One potential explanation for the lack of DDR in these germline models is that oncogene expression during embryonic or prepubertal mammary gland development may have selected for DDR-insensitive cells to populate the mammary fat pad. Alternatively, mammary cells exposed to oncogenic mutations early in development may have adapted to these oncogenes by permanently downregulating the DDR pathway. In support of the latter hypothesis, epithelial cells in embryonic mammary glands have a different transformation response to oncogenic stimuli than cells in more mature mammary glands (35) . Nonetheless, models that adopt a germline transgenic approach to oncogene expression appear to be unsuitable for investigating the significance of DDR signaling in human breast cancer initiation, which frequently exhibits DDR signaling. This potential deficiency with germline models may help explain why DDR-mediated anticancer barriers were not detected in some tissues (15) .
Somatic introduction of an oncogene, particularly by the RCAS-TVA approach, more closely recapitulates human breast cancer initiation (25, 26) . In the inducible PyMT model of breast cancer, a DDR is modestly activated (Fig. S2) , whereas RCASmediated introduction of PyMT or activated ErbB2 leads to hyperplastic lesions that display components of a potent DDR including γH2AX, 53BP1, and p-S1981-ATM ( Fig. 2 and Fig.  S2 ). In these ErbB2-induced early lesions, p53, apoptosis, and senescence are activated (Fig. 2) . This is striking, considering that ErbB2 exhibits potent anti-apoptotic functions in numerous studies (36) . In the resulting tumors, both p53 and apoptosis are down-regulated, as expected (Fig. 2) . However, the p53 transcript remains induced and its gene product can still be stabilized after γ-irradiation (Fig. S5) , presumably by signaling emanating from DSBs, indicating that the diminished p53 in ErbB2-induced tumors is likely caused by the destabilization of this labile protein or posttranslational misregulation. The p53 reduction is very likely responsible for the concurrent disappearance of apoptosis and, thus, for progression to cancer. Inactivated p53 promotes carcinogenesis in many tissues including the breast (37), and there is a strong correlation between p53 missense mutations and ErbB2 alterations in human breast cancers (38) . Our data further illustrate the importance of p53 as part of the barrier to tumorigenesis and provide another explanation for frequent p53 alterations in breast cancer patients.
By inducing early lesions in ATM-null mice using RCASErbB2, we provide compelling evidence that the ATM-mediated DDR signaling pathway is required for p53 stabilization and the erection of both apoptosis and senescence barriers after the activation of ErbB2 signaling. These data are consistent with observations of an important role for DDR in activating p53 and the apoptosis barrier in several other tissues (10, 11) , and establish a direct causal relationship between DDR and senescence in vivo. Our observations also reveal a new dimension to ErBB2 signaling, as an overwhelming number of ErbB2 studies in cultured cells failed to detect senescence or apoptosis in ErbB2-activated cells. Because ErbB2 and its signaling pathways are very frequently altered in breast cancers, DDR signaling likely plays a critical role in blocking progression to tumors in at least a substantial proportion of these cases. Therefore, our data potentially provide an explanation for frequent mutations of components of DDR signaling including BRCA1 in breast cancers (39) . Furthermore, as ATM plays a critical role in stabilizing p53 in these preneoplastic lesions, genetic or epigenetic alterations that counteract ATM-mediated stabilization of p53 are likely key factors in driving progression of these lesions to malignancy. Unfortunately, ATM-null mice succumb to T cell lymphomas and other diseases rapidly, especially after they are crossed to the MMTV-tva genetic background (FVB/N), precluding our ability to ascertain that ATM loss accelerates ErbB2-driven sporadic mammary tumorigenesis. ARF is induced in both early lesions and tumors in MMTV-tva mice infected by RCAS-ErbB2 (Figs. 2 and 3 ). ErbB2 may have induced ARF through its two downstream components Ras and c-Myc, both of which are classical inducers of ARF expression (40, 41) . At this time, we do not yet know the relative contribution of ARF to p53 induction, apoptosis, and senescence in comparison with ATM in this RCAS-ErbB2 model. However, our data suggest that ARF activation alone cannot sustain p53 stabilization, apoptosis, or senescence in the absence of ATMmediated DDR signaling. Although ARF has been reported to be required for Ras-induced senescence in the mammary gland (18, 42) , there is little direct evidence in mammary tumorigenesis to link ARF to apoptosis, which our data suggest serves as a critical barrier that needs to be overcome in the progression to cancer, at least when the initiating oncogene is ErbB2. Furthermore, the role of ARF in suppressing mammary tumorigenesis is still controversial (18, (42) (43) (44) .
Senescence continues to be readily detectable in many of the cells in advanced tumors induced by RCAS-ErbB2 (Fig. 2) , although senescence has been considered an important barrier to carcinogenesis (12, 13, (45) (46) (47) , and has been suggested to be lost in progression to breast carcinomas and other malignancies (18, 32, 48) . Residual expression of senescent markers has also been noted in advanced human colon and urinary carcinomas (12) . The continued presence of a large fraction of senescent cells in established tumors such as those induced by RCAS-ErbB2 suggests that in the evolution of some malignancies, abrogation of the senescence response may not be as critical as inactivation of apoptosis. However, it is more probable that the small subset of the ErbB2-activated premalignant cells that failed to activate both senescence and apoptosis eventually evolved into a cancer, and that some of the tumor cells later become senescent. The presence of some senescent tumor cells may also be consequential to a cellular hierarchy (cancer stem cells, progenitor cells, and differentiated cells) that has been found in many malignancies including breast cancer (49, 50) . The nonsenescent cancer stem cells may provide the driving force for the expansion of the tumor mass, whereas the senescent cells may be part of the differentiated tumor cells that have exhausted their proliferative potential. The molecular pathway controlling senescence in some of these RCAS-ErbB2-induced tumor cells is yet to be defined, although it is likely ATM-dependent. p53, undetectable in the tumors by immunohistochemical staining (Fig. 2) , is probably dispensable for the senescence observed, although the undetectable levels of p53 in these tumor cells may still play a role. p53-independent senescence has been observed in Chk2-activated cancer cell lines including those from breast cancer (51, 52) . On the other hand, p16 INK4a , which has been reported to arrest the cell cycle and to promote senescence (29, (53) (54) (55) , is present in RCAS-ErbB2-induced mammary tumors and may be important in initiating or maintaining senescence (Fig. 2) . In addition, Rb, which is another driver of senescence (3), may be activated in these tumor cells to support senescence.
In conclusion, in this in vivo model that recapitulates the DNA damage signaling cascade following somatic oncogenic activation, we demonstrate that, in the mammary gland, ErbB2 activation causes ATM-dependent apoptosis and senescence that cannot be sustained by the concurrent activation of ARF. p53 is deactivated in progression to cancer with simultaneous sup- Columns represent mean ± SEM. Statistical analysis was performed using univariate ANOVA. *P = 0.01-0.05; **P = 0.001-0.01.
pression of apoptosis, while senescence remains in some of the tumor cells. These data provide further mechanistic insights into the frequent deactivation of DDR signaling and p53 in breast cancer, and suggest that protection of the DDR-p53 signaling pathway is important in breast cancer prevention. Virus Preparation and Mammary Gland Delivery. RCAS-PyMT, RCAS-ErbB2, and RCAS-GFP viruses were prepared and injected as described previously (22) .
Experimental Procedures
Tissue Harvest and Analysis. Mammary glands and tumors were removed, fixed, and analyzed as described in SI Experimental Procedures. Detailed antibody information can be found in SI Experimental Procedures.
